INTRODUCTION
============

Ultrasound (US) evaluation of the kidney is a routine test commonly used in veterinary medicine \[[@B1]\]. B-mode (brightness mode) US evaluation of canine kidneys has been used to the examination of the renal margin, renal cortical echogenicity (RCE) \[[@B2][@B3]\], and calculi \[[@B4]\] and lesions such as cysts and neoplastic masses \[[@B5][@B6]\].

The evaluation of RCE is typically performed by comparison with adjacent organs (for example, the liver and spleen). However, this method is subjective because it may differ according to the judgement of the US evaluator or as a result of abnormalities in the comparison organs. There is a recent report that the cortex of the canine kidney should be distinguished from the outer medulla \[[@B7]\]. This report concluded that the canine renal cortex on US is actually composed of a true cortex and either an isoechoic or a hyperechoic outer medulla. The authors perceived that RCE evaluation was not evaluated separately from the outer medulla in previous studies \[[@B1][@B2][@B8][@B9]\]. Therefore, it is assumed that the evaluation of the canine RCE can be more intuitively and objectively compared to the outer medulla than the surrounding organs such as liver or spleen.

The authors also note that quantitative evaluation of kidney using imaging modalities has been studied and developed in human \[[@B10][@B11][@B12][@B13][@B14][@B15]\]. Quantitative assessment of the kidney is helpful in diagnosing or evaluating the prognosis of chronic kidney disease (CKD) patients in humans. These quantitative data are mainly compared with estimated glomerular filtration rate (eGFR) in human studies and the results of these studies show that the imaging quantitative data of the kidney are closely related to eGFR in CKD patients.

Various methods on calculating eGFR using objective patient information including age, race, sex, weight and biochemical values have been developed in humans \[[@B16][@B17][@B18][@B19][@B20]\]. Although there are direct methods for obtaining glomerular filtration rate (GFR) such as measuring renal clearance of insulin or exogenous creatinine with the use of radiolabeled markers, the clinical application of these methods is not easy \[[@B21]\]. Also, GFR has been examined indirectly using computed tomography and iohexol injections \[[@B22]\]. However, due to the cost and anesthesia protocol, this is also difficult to apply to clinically in veterinary medicine. Recently, it has been established that eGFR using symmetric dimethylarginine (SDMA) and creatinine concentration indirectly estimates GFR in animals (M. Yerramilli, Yerramilli MVSN, inventors; IDEXX Laboratories, Inc., Proprietor. Methods for detecting renal disease. European patent EP 3041576B1. 19.06.2019.). The authors conducted this study by using the eGFR for quantifying renal function. To our knowledge, there are no detailed studies in veterinary medicine examining the relationship between eGFR and RCE that focuses only on the renal cortex, except for the outer medulla.

The authors hypothesized that the degree of distinction between renal cortex and outer medulla could be associated with renal function. Based on this hypothesis, quantitative evaluation of RCE was conducted. In this study, the RCE grade was determined according to the distinction between renal cortex and outer medulla. The aim of this study was to propose criteria for objectively evaluating RCE using only the structural features of the canine kidney via US as opposed to comparisons with other organs. In addition, we aim to investigate the relationship between eGFR and RCE, specifically in canine patients with CKD.

MATERIALS AND METHODS
=====================

Study design
------------

Canine patients who visited our institution between June 2016 and August 2017 were eligible for inclusion of the study. Patients selected were those dogs that had SDMA testing (IDEXX Reference Laboratories, Inc., Korea) and creatinine concentrations determined on the same day and who had US performed. Patients were excluded if the dates of the biochemical measurements (SDMA and creatinine) and the US evaluation were more than 1 month apart. Cases with post-renal azotemia because of urinary tract obstruction, acute kidney injury, a dialysis history, a solitary kidney (for example, congenital or renal resection history), renal neoplasia, severe cortical structure deformation caused by multiple or large sized cystic lesions of the cortex, renal asymmetry (a difference in renal length greater than 5 mm between kidneys on the US findings) were excluded. The criteria used to classify patients as acute kidney injury in this study were as follows. Patient history: intoxication, prolonged anesthesia, medication (intentional or mistake); Renomegaly: Renomegaly was differentiated based on radiographic criterion that the normal canine kidney size is 2.5 to 3.5 times the length of the second lumbar vertebra in ventrodorsal radiographic images; Clinical signs: anuria, oligouria. All patients were retrospectively classified into group normal and group CKD based on medical records. Patients in group CKD were diagnosed with CKD in our institution considering the patient\'s biochemical values, persistence of clinical symptoms, urinalysis results, and diagnostic imaging findings.

Grading RCE using US
--------------------

All US scans were obtained using commercial US products (Prosound alpha 7; Hitachi, Ltd., Japan), and either microconvex (4--10 MHz) or linear (4--13 MHz) probes were used. RCE was divided into 3 grades according to the degree of distinction of the renal cortex and outer medulla on DICOM images. If the border between the renal cortex and outer medulla could be clearly distinguishable, it was classified as grade 1. If the border with the outer medulla was ambiguous, it was classified as grade 2. Finally, a grade 3 classification was given if it was impossible to distinguish the border of the outer medulla. The RCE grade of each kidney was measured. In this study, mean of RCE grades (mRCE; the mean values of each right and left kidneys RCE grades of the same patient), and severity of RCE grades (sRCE; classified as \"high\" if any right or left kidney evaluated as RCE grade 3, \"low\" otherwise) were used in the statistical analyses. Examples of each RCE grade are shown in [Fig. 1](#F1){ref-type="fig"}.

![RCE grade classification. The right image of each figure is an enlarged image of the area indicated by the circle in the left image. (A) Grade 1 is defined as a clear distinction of the border of the cortex and outer medulla. In (B), the boundary between the cortex and outer medulla becomes ambiguous. Although unclear, if the boundary between the cortex and outer medulla can be distinguished, as in this example, the authors classified the RCE grade as 2. In (C), the boundary between the cortex and outer medulla cannot be distinguished. In this case, RCE grade was classified as grade 3. The arrow head is the boundary between the cortex and outer medulla. If a patient\'s left and right kidney were classified as RCE grade 1 and 2, for example, mRCE (1.5) and sRCE (low) were recorded. If a patient\'s left and right kidney were classified as RCE grade 2 and 3, for example, mRCE (2.5) and sRCE (high) were recorded.\
RCE, renal cortical echogenicity; mRCE, mean of renal cortical echogenicity grades; sRCE, severity of renal cortical echogenicity grades.](jvs-21-e58-g001){#F1}

Quantification of renal function using eGFR
-------------------------------------------

In this study, renal function was quantified using the eGFR, which was developed by Yerramilli et al. (M. Yerramilli, Yerramilli MVSN, inventors; IDEXX Laboratories, Inc., Proprietor. Methods for detecting renal disease. European patent EP 3041576B1. 19.06.2019.) based on SDMA and creatinine concentrations in animal patients. Using 20 female CKD dogs induced by X-linked hereditary nephropathies, the eGFR formula was derived from comparison between SDMA and creatinine combination with actual GFR measures using the iohexol clearance method. The formula for eGFR presented in this patent is \[(creatinine)^P^ × (SDMA)^Q^\]. In this formula, P = −5 to 0, and Q = −2.5 to 0 (excluding 0). The equation used in this study was \[eGFR ≈ (creatinine)^−1.5^ × (SDMA)^−0.25^\] which was presented as the most ideal and simplified format (M. Yerramilli, Yerramilli MVSN, inventors; IDEXX Laboratories, Inc., Proprietor. Methods for detecting renal disease. European patent EP 3041576B1. 19.06.2019.).

Statistical methods
-------------------

All statistical analyses were performed by R (version 3.6.0) and Rex (version 3.0.3). Difference in eGFR between the groups normal and CKD was compared using the Welch\'s *t*-test. The Cochran--Armitage trend test was used to confirm whether the ratio of group CKD tended to increase or decrease with increasing mRCE. The ordinal logistic regression model was fitted for the mRCE as an ordinal outcome (grade 1 to grade 3) with eGFR as a continuous covariate. Multivariate logistic regression was fitted to evaluate the effect of variables including eGFR and sRCE (low/high) on the diagnosis of group CKD.

RESULTS
=======

During the study period, abdominal US, SDMA and creatinine concentrations were evaluated in 167 cases. Of these, 72 cases were excluded because the US evaluation and the biochemical measurements were more than 1 month interval. In addition, 32 cases were excluded due to: post-renal azotemia (n = 5), acute kidney injury (n = 8), dialysis history (n = 2), a solitary kidney (n = 2), renal neoplasia (n = 6), severe cortical structure deformations (n = 5), and renal asymmetry (n = 4).

Therefore, 63 cases satisfied the criteria for inclusion in this study. Thirty-five were male (5 intact) and 28 were female (7 intact). Small breeds were the most common breeds participating in this study. The breeds included 23 Malteses, 8 Shih-Tzus, 7 Miniature poodles, 7 mixed breeds, 6 Yorkshire terriers, 3 Pomeranians, 3 Schnauzers, 2 Cocker spaniels, 2 Miniature pinschers, 1 Chihuahua, and 1 Welsh corgi. Of these, 27 were in group normal and 36 were in group CKD. Group normal visited authors\' institution for the following reasons: dermatologic disorders (n = 1), cardiovascular system disorders (n = 9), endocrine disorders (n = 7), orthopedic disorders (n = 1), neurological disorders (n = 2), digestive system disorders (n = 1), hepatobiliary and pancreatic disorders (n = 3), hematological disorders such as anemia (n = 3), respiratory system disorders (n = 3), otitis externa (n = 1), epistaxis (n = 1), and not-specified (n = 1). Demographic data for these 63 cases are presented in [Table 1](#T1){ref-type="table"}. [Table 2](#T2){ref-type="table"} summarizes the distribution of patients according to each RCE grade, mRCE, sRCE for groups normal and CKD.

###### Demographic data of the study population in the group normal (n = 27) and the group CKD (n = 36)

![](jvs-21-e58-i001)

  Variables                               Group normal (n = 27)   Group CKD (n = 36)     
  --------------------------------------- ----------------------- ---------------------- ----
  Sex                                                                                    
                                          Female                  3                      4
                                          Female spayed           8                      13
                                          Male                    1                      4
                                          Male castrated          15                     15
  Breeds                                                                                 
                                          Maltese                 9                      14
                                          Shih-Tzu                2                      6
                                          Miniature poodle        4                      3
                                          Mixed breed             6                      1
                                          Yorkshire terrier       1                      5
                                          Others^\*^              5                      7
  Age (yr)                                12 (1--16)              13 (4--17)             
  11.07 ± 3.95                            11.97 ± 3.02                                   
  Body weight (kg)                        4.4 (1.05--13.73)       3.98 (1.93--10.14)     
  5.23 ± 2.57                             4.29 ± 1.87                                    
  SDMA (µg/dL)                            13 (9--27)              22.5 (13--57)          
  14.11 ± 4.06                            26.5 ± 12.38                                   
  Creatinine (mg/dL)                      0.95 (0.35--1.41)       1.51 (0.60--4.95)      
  0.93 ± 0.27                             1.73 ± 0.97                                    
  eGFR (creatinine^−1.5^ × SDMA^−0.25^)   0.59 (0.32--2.41)       0.26 (0.03--1.04)      
  0.74 ± 0.51                             0.32 ± 0.24                                    
  BUN                                     20.8 (9.00--49.5)       44.05 (8.00--283.90)   
  25.03 ± 14.81                           63.23 ± 63.26                                  
  mRCE                                    2 (1.0--2.5)            2.5 (1.0--3.0)         
  1.94 ± 0.25                             2.51 ± 0.53                                    

Values are presented as mean ± standard deviation or median (interquartile range).

CKD, chronic kidney disease; SDMA, symmetric dimethylarginine; eGFR, estimated glomerular filtration rate; BUN, blood urea nitrogen; mRCE, mean of renal cortical echogenicity grades.

^\*^Schnauzer, Pomeranian, Miniature pinscher, Cocker spaniel, Chihuahua, Welsh corgi.

###### Relationship between the frequency of mRCE and sRCE of the group normal and CKD

![](jvs-21-e58-i002)

  RCE grade   No.         mRCE        sRCE       Group   Total                   
  ----------- ----------- ----------- ---------- ------- ----------- ----------- -----------
  1           1           2           1          Low     1 (3.7)     1 (2.8)     2 (3.2)
  1           2           2           1.5        Low     2 (7.4)     0 (0)       2 (3.2)
  1           3           0           2          High    0 (0)       0 (0)       0 (0)
  2           1           0           1.5        Low     0 (0)       0 (0)       0 (0)
  2           2           36          2          Low     23 (85.1)   13 (36.1)   36 (57.1)
  2           3           3           2.5        High    1 (3.7)     2 (5.6)     3 (4.8)
  3           1           0           2          High    0 (0)       0 (0)       0 (0)
  3           2           3           2.5        High    0 (0)       3 (8.3)     3 (4.8)
  3           3           17          3          High    0 (0)       17 (47.2)   17 (26.9)
  Total       27 (42.9)   36 (57.1)   63 (100)                                   

Values are presented as number (%).

The Cochran--Armitage trend test was used to examine the relationship between the ratio of all cases in group CKD and the mRCE (*p* \< 0.001).

mRCE, mean of renal cortical echogenicity grades; sRCE, severity of renal cortical echogenicity grades; RCE, renal cortical echogenicity; CKD, chronic kidney disease.

The differences in eGFR between the groups in this study were examined. There was a significant difference in eGFR between group normal and CKD (*p* \< 0.001). The comparison of eGFR between groups (normal, CKD) represented in box plots are shown in [Fig. 2](#F2){ref-type="fig"}.

![Box plots of eGFR in group normal, CKD. The central line in the box represents the median. The horizontal lines at the top and bottom of the box are the upper and lower quartiles. The whiskers on the top and bottom of the box represent the highest and the lowest data within the 1.5 interquartile range. The dots (●) are considered outliers. The significance of the comparisons between the groups (*p* value) is indicated by the solid line.\
eGFR, estimated glomerular filtration rate; CKD, chronic kidney disease.](jvs-21-e58-g002){#F2}

The mRCE was divided into 5 stages ranging from 1 to 3 at 0.5 intervals since it is expressed as the average value of the RCE grade of the left and right kidneys. [Fig. 3](#F3){ref-type="fig"} shows the distribution of the mean RCE grade for each group. We examined whether the proportion of group CKD among patients in each grade increases with increasing grade 1, 1.5, 2, and 2.5, 3. The ratio of cases in group CKD tended to increase with increasing mRCE (*p* \< 0.001, Cochran--Armitage trend test). This suggests that the mRCE increases with the deterioration of renal function. In other words, we found that as mRCE increases, the proportion of group CKD among the patients in each grade increases. The frequency of the mRCE in each group is shown in [Table 2](#T2){ref-type="table"}.

![The bar graph summarizes the distribution of the mRCE of group normal and CKD.\
mRCE, mean of renal cortical echogenicity grades; CKD, chronic kidney disease.](jvs-21-e58-g003){#F3}

eGFR in ordinal logistic regression for the mRCE was a significant predictor with estimated odds ratio (OR) of 0.170 (Likelihood ratio statistic = 8.339, *p* = 0.004). [Fig. 4](#F4){ref-type="fig"} shows predicted curves for probability of each mRCE with various eGFR values.

![Predicted curves for probability of each mRCE with various eGFR values. The sum of the probabilities of measuring each 5 mRCE at a particular eGFR value is 1. According to this probability curves, as eGFR increases, the probability of measuring a relatively lower mRCE increases.\
eGFR, estimated glomerular filtration rate; mRCE, mean of renal cortical echogenicity grades.](jvs-21-e58-g004){#F4}

The association between sRCE, eGFR and group normal, CKD were analyzed with multivariate logistic regression. The multivariate logistic regression coefficients, ORs, and standard errors for significant factors are reported in [Table 3](#T3){ref-type="table"}. [Fig. 5](#F5){ref-type="fig"} shows predicted curves for probability of each group with high and low sRCE.

###### Results of multivariate logistic regression analysis for the factors associated with CKD (group CKD)

![](jvs-21-e58-i003)

  Variables   Coefficient (SE)   *p* value   OR (95% CI)
  ----------- ------------------ ----------- ------------------------
  Intercept   1.461 (0.802)      0.069       \-
  sRCE^\*^    3.332 (1.168)      0.004       28.003 (4.196--23.606)
  eGFR        −4.067 (1.553)     0.009       0.017 (0.001--0.264)

CKD, chronic kidney disease; OR, odds ratio; CI, confidence interval; sRCE, severity of renal cortical echogenicity grades; eGFR, estimated glomerular filtration rate.

^\*^The reference level of sRCE is "low."

![Predicted curves for probability of each group with sRCE and eGFR. As eGFR increases, the probability of predicting group normal is increasing and the probability of predicting group CKD is decreasing. At the same eGFR level, when the sRCE high, the probability of predicting group CKD is higher and the probability of predicting group normal is lower.\
eGFR, estimated glomerular filtration rate; sRCE, severity of renal cortical echogenicity grades; CKD, chronic kidney disease.](jvs-21-e58-g005){#F5}

DISCUSSION
==========

In this study, there were significant differences in eGFR between groups normal and CKD. The proportion of group CKD in each mRCE tended to increase with increasing mRCE. Moreover, the OR of eGFR with a fixed mRCE was less than 1. This means that as eGFR increases, the probability of measuring lower mRCE increases. We used multivariate logistic regression to evaluate the effect of eGFR and sRCE on the diagnosis of CKD.

In this study, the RCE was graded according to the distinction of cortex and outer medulla on US images. Several studies attempted to objectively assess the degree of RCE elevation using comparisons to the liver in healthy dogs \[[@B8][@B9]\]. However, comparisons with adjacent organs are not objective RCE evaluation methods, especially in clinical patients. In this study, patients in group CKD were older than in group normal and liver echogenicity was also elevated.

In addition, most RCE-related studies did not focus only on the cortex, but on echo evaluation in the parenchymal region, including the cortex and outer medulla \[[@B2][@B3][@B8]\]. The renal cortex contains glomerulus, proximal and distal tubules. The outer medulla is the inner part of the cortex where the Henle loop and the collecting duct pass through. In dogs, CKD is known to be progressed by glomerulosclerosis and tubulointerstitial damage \[[@B23][@B24]\]. Therefore, it is more objective to assess the RCE focusing only on the cortex in CKD patients. It is more intuitive to evaluate the RCE in comparison with the outer medulla attached to the cortex rather than the liver or spleen. The outer medulla is a normal structure that is identifiable in the kidneys of dogs with normal renal function using US. It is known to be particularly recognizable in small breed dogs \[[@B7]\]. The sample used in this study consisted of mostly small breed dogs.

Inevitably, the subjectivity of the evaluator is involved in the assessment of RCE according to the distinction between the renal cortex and outer medulla. In particular, when classifying RCE grade as 2, the subjectivity of the evaluator is likely to be involved. However, the authors argue that, despite this limitation, the comparison with outer medulla which is the structure of the kidney itself will be more intuitive than any other criterion. The classification of patients with kidney evaluated grade 3 as sRCE "high" is intended to minimize the involvement of the subjectivity. The intent to apply sRCE for predictor in multivariate logistic regression is to confirm the hypothesis that differentiation between the renal cortex and the outer medulla using US would be difficult if renal function is decreased. It is very important that the multivariate logistic regression showed the probability of predicting group CKD is significantly higher in sRCE high than sRCE low. This suggests that the renal structural distinction can be used as criteria for assessing or diagnosing kidney function.

The eGFR formula was derived from the comparison between the SDMA and creatinine combination and the actual GFR using the iohexol clearance method. The equation is the (SDMA)^P^ × (cr)^Q^ that is most similar (statistically similar, linear regression fit) to GFR. Indeed, eGFR is not considered as a routine method for evaluating kidney function in veterinary medicine. The eGFR used in this study has a distinct limitation, which is not a specific formula considering patients\' age or weight, species, and breed. As described above, eGFR has been widely studied and developed more sophisticatedly in human medicine, but it is yet understood incomplete protocol in veterinary medicine. Despite these limitations, we thought that this study has some significant meaning in that we made a new attempt. Although the authors should be satisfied that the values measured on US images has some relationship with eGFR, we believe that this study could contribute to make eGFR a more precise and specific in veterinary practice in the future.

There are some limitations of this study. Firstly, relatively few case studies were included. If there were more cases, the relevance of mRCE or sRCE to the eGFR could be determined more precisely. Secondly, in this retrospective study, the RCE grade was evaluated on the US DICOM images. It is possible that evaluator bias influenced the classification of the RCE grade. Thirdly, renal function assessment was performed using eGFR rather than the measured GFR. The eGFR used in this study was based on the biochemical value of SDMA and creatinine. Because these can be influenced by the hydration state of the patient on the measuring day, eGFR may not be able to fully represent the patient\'s renal function. Moreover, the study was based on only one eGFR formula that can be generally applied to small animals, such as dogs and cats. It is not a specific formula for use in dogs or cats. Various formulas for calculating eGFR have been established in humans, but not in veterinary medicine. It could be suggested that if variable formulae for eGFR could be developed in the future that were specific to species or breeds for veterinary patients, the study could be conducted in a more diverse and precise way. Lastly, the biochemical values were not measured on the same day as the US evaluations. If the study was conducted using only cases where the US evaluation and the biochemical measurements were conducted on the same day, more reasonable results of the relationship between renal function and RCE using US could be obtained. Furthermore, if histopathological studies could also be performed, the relationship with RCE and eGFR would be more specified.

In conclusion, the degree of distinction between the renal cortex and the outer medulla is closely related to renal function including eGFR and the RCE grade defined in this study can be used as a method of objectively evaluating RCE. Therefore, structural distinction of the kidney derived using US images in canine CKD patients are good indicators of renal function.
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